The BB-SFG spectra need to be modeled to extract information about the areal density of a surface groups. To this end, the SFG spectra were fitted with the relation given in Eq. (3), describing the spectral response of resonant surface groups, using a least-squares algorithm as mentioned in the main text. Figure A1 shows the same BB-SFG spectra as shown in Fig. 3 with both the experimental data (markers) and the fits to the data (solid lines) but in this case with an vertical offset applied to the spectra for clarity. A good agreement between the measured data and the fit of the model described in the main manuscript can be seen in the figure.
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Figure A1: BB-SFG spectra showing the −CH 3 resonance, identical to the data in Fig. 3 . The measured data (markers) and the fit to the data (solid lines) are both shown. An vertical offset has been applied to the spectra for clarity.
Spectral width of the Si-H stretch mode
The spectral resolution of BB-SFG spectroscopy is limited by the spectral width of the visible pulse. In the SFG process a mid-IR photon with energy ω ir mixes with a visible photon with energy ω vis . This produces a new photon with photon energy ω sf g = ω vis + ω ir . A variation of ω vis of δω vis results in a variation in the SFG photon, δω sf g = δω vis . The visible pulse used in this work had a spectral width of 1 nm centered around 795 nm, i.e. 1.25%. For a (infinitely narrow) resonance at 2090 cm Influence substrate on sensitivity of BB-SFG spectroscopy
On c-Si samples with 90 nm of SiO 2 on top, the −CH 3 groups were detected with a submonolayer sensitivity by BB-SFG spectroscopy but the same groups could not be detected on bare Si substrates (such as the H/Si(111)). This difference in sensitivity is the result of an interplay mainly between the linear optical properties of the sample and the thickness and optical properties of layers on top. Each of these factors influence the strength of the probing visible beam, IR beam, and how efficient the generated BB-SFG signal is emitted due to interference effects. These factors together determine the effective probing strength and are referred to collectively as the Fresnel factor and make that BB-SFG spectroscopy is ∼200x more sensitive for a surface groups on a 90 nm SiO 2 film on top of c-Si than on bare c-Si. The detection of the Si-H stretch vibration on bare c-Si was solely possible because of the exceptionally large SFG cross section of this vibration compared to the −CH 3 stretch. The effective SFG probing strength for a surface group was modeled for a geometry shown in Fig. A3 and the outcome of the modeling was verified experimentally. To model the optical enhancement effect, first the effect of linear optics on the driving fields will be discussed, then the influence of linear optics on the escaping SFG light will be treated. The strength of the two driving electric fields can be calculated for a thin film on a half-infinite substrate using a matrix formalism. Here the approach formulated by Sipe was followed.
2 The strength of the electric field for beam x driving the SFG process at the surface of the film is given by,
where D is the thickness of the film, Θ is the angle of incidence inside the film, and r ij (t ij ) represents the Fresnel coefficient for reflection (transmission) of the interface between medium i to j (with s = substrate, l = layer, and v = vacuum) evaluated at the wavelength λ associated with beam x (either vis or ir).
The intensity of the emitted SFG light reaching the detector is also affected by linear optics. The dipoles at the surface, caused by the SFG process, produce two electric fields. One field propagates directly towards the detector which is labeled v + . The other field, labeled v − , propagates away from the detector towards the substrate. This light can only reach the detector after undergoing one or more reflections. The effective field strength is given by,
following the approach described by Sipe for Figure A3 : The SFG signal is generated by a layer of polarization on the surface (e.g. excited surface groups) of the spacer layer which is on top of the substrate. The driving fields (on the left) are affected by linear optics influencing the strength of the polarization. The polarization layer radiates in two directions: away from the substrate and towards the surface. The upwards signal is detected directly, the downwards signal is only detected after undergoing 1 or more reflections. Interference between the two contributions can enhance or quench the intensity of the SFG signal.
describing the emission and propagation of light due to a sheet of dipoles inside a stack of thin films.
2 The intensity of the SFG signal I sf g is then given by:
withχ the strength of the SFG response, I x the intensity of driving field x. The relative probing strength can now be calculated by simply dividing Eq. (3) evaluated for the SiO 2 /c-Si sample by Eq. (3) evaluated for a bare c-Si substrate. The effective probing strength of the SFG signal is shown in Fig. A4 as a function of the thickness of the SiO 2 thin-film on top of the c-Si substrate. The effective probing strength oscillates with thickness, showing several maxima of enhancement at e.g. ∼ 100 nm, ∼400 nm, and ∼650 nm film thickness. Absorption of the (IR, vis, and SFG) light in the c-Si and spacer layer quenches the enhancement, as can be seen from the decreasing maxima with thickness, see inset in Fig. A4 .
The relation between spacer thickness and effective probing strength was verified by comparing the signal strength of −CH 3 groups on two different spacer layers. Two samples were prepared using Si(100) substrates on which a SiO 2 film was grown with plasma-enhanced chemical vapor deposition (PE-CVD) of 30 and 75 nm thickness, respectively. On each sample, 5 ALD cycles were performed to ensure that the steady-growth regime was reached, adding a negligible ∼ 0.5 nm of Al 2 O 3 on top of the SiO 2 spacer. Then the BB-SFG spectra were collected probing the spectral region of the −CH 3 stretch mode of the chemisorbed TMA (spectra not shown for brevity). In general, the position of the SFG source and the thickness of the SiO 2 spacer affect both the amplitude and phase of the SFG signal. For SFG spectra composed of multiple contribution originating from different spatial positions -e.g. non-resonant substrate (weak c-Si) and resonant surface contributions (C-H stretch) -this will lead to phase differences between the contributions. In a BB-SFG spectrum this results in interference effects for spectrally overlapping contributions, with the same peaks being subtracted or added to each other depending on the SiO 2 thickness.
The experimental data, obtained from interpreting the BB-SFG spectra, is superimposed on the calculated trend in Fig. A4 . As can be seen, the experimental results are in good agreement with the predicted enhancement of the probing strength. These results indicate that linear optical effects were indeed the main mechanism responsible for the enhancement. Exploiting the optical enhancement using a ∼90 nm SiO 2 spacer -providing the largest possible signal enhancement -was crucial when using BB-SFG to detect −CH 3 surface groups on a silicon based substrate during ALD. Without the enhancement, the surface groups could not be detected using reasonable visible and mid-IR intensities and acquisition times.
Calculating cycle-by-cycle GPC from SE data
To reliably interpret the cycle-by-cycle GPC calculated from data in Fig. 2 the influence of surface groups has to be considered. Both the -OH and −CH 3 surface groups have an unknown (but fairly high) refractive index resulting in an apparent (optical) thickness on the same order as the GPC. In the steady-growth regime, the GPC is calculated from a thickness change over 10s of cycles and therefore the impact of surface groups is small compared to the change in film thickness. On the other hand, calculating the GPC for each cycle, which is essential during the initial-growth phase, implies that a change from e.g. -OH to −CH 3 groups might significantly impact the interpretation of the data. Therefore, if both Al 2 O 3 is grown and the surface groups are changed at the same time, it is not straightforward to separate the two contributions. This issues was address by Langereis et al. for steady-growth regime.
3 They showed that the GPC can only be calculated from the apparent SE thickness change for data points recorded at the end of the same half-cycle, i.e. two spectra separated by 1 or more full ALD cycles. 3 In the steady-growth regime the density and type of surface groups is unchanged after a full ALD cycle. In this case, the surface groups will affect the thickness determined from the SE spectra of both spectra by the same amount and therefore does not influence the thickness change (i.e. GPC) calculated from these spectra.
For the initial-growth regime, the same reasoning can be applied for the SiO 2 starting surface. Because the SiO 2 surface starts out OH terminated, the change in surface groups after a full ALD cycle (TMA followed by H 2 O) is minimal since the surface is again OH terminated (despite being Al−OH instead of Si−OH groups) assuming the change in -OH density is negligible. As a result, the thickness of the l 2 O 3 film will be accurate. The same reasoning holds for the subsequent ALD cycles and the GPC can be calculated from the change in the thickness of the Al 2 O 3 film for each cycle. For this reason, the GPC data for the Si(100)/SiO 2 substrate was determined using the spectra recorded after the H 2 O half-cycle. For the H/Si(111) surface, it is not possible to exclude the influence of a change in surface functionalization (from H to OH) in the first cycle(s). Also for this sample the GPC was calculated using the thickness obtained from the SE spectra recorded after the H 2 O half-cycle but the first GPC value will be affected by a change in surface groups and might be less accurate.
